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variant sequences. It will generally be preferred that the 
test mixture contain as large a number of possible se- 
quence variants as is practical for selection, to insure 
that a maximum number of potential binding sequences 
are identified. A randomized sequence of 30 nucleotides 
will conUin a calculated 10^^ different candidate se- 
quences. As a practical matter, it is convenient to sam- 
ple only about 10)^ candidates in a single selection. 
Practical considerations include the number of tem- 
plates on the DNA synthesis column, and the solubility 
of RNA and the target in solution. (Of course, there is 
no theoretical limit for the number of sequences in the 
candidate mixture.) Therefore, candidate mixtures that 
have randomized segments longer than 30 contain too 
many possible sequences for all to be conveniently sam- 
pled in one selection. It is not necessary to sample all 
possible sequences of a candidate mixture to select a 
nucleic acid ligand of the invention. It is basic to the 
method that the nucleic acids of the test mixture are 
capable of being amplified. Thus, it is preferred that any 
conserved regions employed in the test nucleic acids do 
not contain sequences which interfere with amplifica- 
tion. 

The various RNA motifs described above can almost 
always be defined by a polynucleotide containing about 
30 nucleotides. Because of the physical constraints of 
the SELEX process, a randomized mixture containing 
about 30 nucleotides is also about the longest contigu- 
ous randomized segment which can be utilized while 
being able to test substantially all of the potential vari- 
ants. It is, therefore, a preferred embodiment of this 
invention when utilizing a candidate mixture with a 
contiguous randomized region, to use a randomized 
sequence of at least 15 nucleotides and containing at 
least about 10^ nucleic acids, and in the most preferred 
embodiment contains at least 25 nucleotides. 

This invention includes candidate mixtures contain- 
ing all possible variations of a contiguous randomized 
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new SELEX process may then be initiated with a candi- 
date mixture informed by the ligand solution. 

Polymerase chain reaction (PCR) is an exemplary 
method for amplifying of nucleic acids. Descriptions of 
PCR methods are found, for example in Saiki ct al. 
(1985) Science 230:1350-1354; Saiki et al. (1986) Nature 
324:163-166; Scharf el al. (1986) Science 
233:1076-1078; Innis ct al. (1988) Proc. Natl. Acad. Sci. 
85:9436-9440; and in U.S. Pat. No. 4,683,195 (Mullis ct 
al.) and U.S. Pat. No. 4,683,202 (Mullis et al.). IN its 
basic form, PCR amplification involves repeated cycles 
of replication of a desired single-stranded DNA (or 
cDNA copy of an RNA) employing specific oligonu- 
cleotide primers complementary to the 3' and 5' ends of 
the ssDNA, primer extension with a DNA polymerase, 
and DNA denaturation. Products generated by exten- 
sion from one primer serve as templates for extension 
fi'om the other primer. A related amplification method 
described in PCT published application WO 89/01050 
20 (Burg et al.) requires the presence or introduction of a 
promoter sequence upstream of the sequence to be am- 
plified, to give a double-stranded intermediate. Multiple 
RNA copies of the double-stranded promoter contain- 
ing intermediate are then produced using RNA poly- 
merase. The resultant RNA copies are treated with 
reverse transcriptase to produce additional double- 
stranded promoter containing intermediates which can 
then be subject to another round of amplification with 
RNA polymerase. Alternative methods of amplification 
include among others cloning of selected DNAs or 
cDNA copies of selected RNAs into an appropriate 
vector and introduction of that vector into a host organ- 
ism where the vector and the cloned DNAs are repli- 
cated and thus amplified (Guatelli, J. C et al. (1990) 
proc. Natl. Acad Sci. 87:1874). In general, any means 
that will allow faithful, efficient amphfication of se- 
lected nucleic acid sequences can be employed in the 
method of the present invention. It is only necessary 
that the proportionate representation of sequences after 
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segment of at least 15 nucleotides. Each individual 40 amplification at least roughly reflects the relative pro- 



member in the candidate mixture may also be comprised 
of fixed sequences flanking the randomized segment 
that aid in the amplification of the selected nucleic acid 
sequences. 

Candidate mixtures may also be prepared containing 45 
both randomized sequences and fixed sequences 
wherein the fixed sequences serve a function in addition 
to the amplification process. In one embodiment of the 
invention, the fixed sequences in a candidate mixture 
may be selected in order to enhance the percentage of 50 
nucleic acids in the candidate mixture possessing a 
given nucleic acid motif. For example, the incorpora- 
tion of the appropriate fixed nucleotides will make it 
possible to increase the percentage of pseudoknots or 
hairpin loops in a candidate mixture. A candidate mix- 55 
ture that has been prepared including fixed sequences 
that enhance the percentage of a given nucleic acid 
structural motif is, therefore, a part of this invention. 
One skilled in the art, upon routine inspection of a vari- 



portions of sequences in the mixture before amplifica- 
tion. 

Specific embodiments of the present invention for 
amplifying RNAs were based on Innis et al. (1988) 
supra. The RNA molecules and target molecules in the 
lest mixture were designed to provide, after amplifica- 
tion and PCR, essential T7 promoter sequences in their 
5' portions. Full-length cDNA copies of selected RNA 
molecules were made using reverse transcriptase 
primed with an ologimer complementary to the 3' se- 
quences of the selected RNAs. The resulunt cDNAS 
were amplified by Taq DNA polymerase chain exten- 
sion, providing the T7 promoter sequences in the se- 
lected DNAs. Double-stranded products of this amplifi- 
cation proces were then transcribed in vitro. Tran- 
scripts were used in the next selection/amplification 
cycle. The method can optionally include appropriate 
nucleic acid purification steps. 
In general any protocol which will allow selection of 



ety of nucleic antibodies as described herein, will be 60 nucleic acids based on their ability to bind specifically 



able to construct, without undue experimentation, such 
a candidate mixture. Examples 2 and 8 below describe 
specific examples of candidate mixtures engineered to 
maximize preferred RNA motifs. 

Candidate mixtures containing various fixed sequen- 65 
ces or using a purposefully partially randomized se- 
quence may also be employed after a ligand solution or 
partial ligand solution has been obtained by SELEX. A 



to another molecule, i.e., a protein or in the most gen- 
eral case any target molecule, can be employed in the 
method of the present invention. It is only necessary 
that the selection partition nucleic acids which are capa- 
ble of being amplified. For example, a filter binding 
selection, as described in Example 1, in which a test 
nucleic acid mixture is incubated with target protein, 
the nucleic acid/protein mixture is then filtered through 
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a ratrocdlulosc ffltcr and washed with appropriate partitioning. This process must be done without chcmi- 
buffcr to remove free nucleic acids. Protein/nucleic cal degradation of the selected nucleic adds and must 
acid often remam bound to the filter. The relative con- result in amplifiable nucleic acids. In a specific embodi- 
oentrati ns f protcm to test nucleic acid in the incu- ment, selected RNA molecules were eluted from nitro- 
bated mature influences the strength of binding that is 5 cellulose filters using a freshly made solution containing 
selected for. When nucleic acid b in excess, competition 200 ^1 of a 7M urea, 20 mM sodium citrate (pH 5.0). 1 
for available bmding sites occurs and those nucleic acids mM EDTA solution combined with 500 ftl of phenol 
which bmd most strongly are selected. Conversely, (equilibrated with O.IM sodium acetate pH 5.2). A solu- 
when an excess of protein is employed, it is expected tion of 200 7M urea with 500 ^1 of phenol has been 
that any nucleic acid that binds to the protem will be 10 successfully employed. The eluted solution of selected 
selected. The relative concentrations of protein to nu- RNA was then extracted with ether, ethanol precipi- 
cleic acid employed to achieve the desired selection will tated and the precipitate was resuspended in water. A 
depend on the type of protein, the strength of the bind- number of different buffer conditions for elution of 
ing mtcraction and the level of any background binding selected RNA from the filters can be used. For example, 
that IS present. The relative concentrations needed to 15 without limitation nondetergent aqueous protein dena- 
achicye the desired selection result can be readily deter- turing agents such as quanidinium chloride, 
mmed empirically without under experimentation. Sim- quanidinium thiocyanate, etc.. as arc known in the art. 
ilarly. It may be necessary to optimize the filter washing can be used. The specific solution used for elution of 
procedure to minimize background binding. Again such nucleic acids from the filter can be routinely selected by 
optimization of the filter washing procedures is within 20 one of ordinary skill in the art. 
the skill of the ordinary artisan. Alternative partitioning protocols for separating nu- 
cc^^vt^S^^^ evaluation of SELEX referred to as cleic acids bound to targets, particularly proteins, are 
SELEXION has been utilized by the inventors of the available to the art. For example, binding and partition- 
present invention. Appendix A to this application m- ing can be achieved by passage of the test nucleic acid 
eludes a brief review of the mathematical analysis uti- 25 mixture through a column which contains the target 
hzed to obiam generalizations regarding SELEX de- molecule bound to a solid support material. Those nu- 
nvcd from SELEXION. cleic acid that bind to the target will be retained on the 
The generalizations obtained from SELEXION are column and unbound nucleic acids can be washed from 
as follows: 1) The likelihood of recovering the best- the column. 

binding RNA in each round of SELEX increases with 30 Throughout this application, the SELEX process has 
the number of such molecules present, with their bind- been defined as an iterative process wherein selection 
mg advantage versus the bulk RNA pool, and with the and amplification are repeated until a desired selectivity 
toul amount of protein used. Although it is not always has been attained. In one embodiment of the invention, 
mtmtively obvious to know in advance how to maxi- the selection process may be efficient enough to provide 
mize the difference in binding, the likelihood of recov- 35 a ligand solution after only one separation step. For 
enng the best-binding RNA still can be increased by example, in theory a column supporting the target 
maximizing the number of RNA molecules and target through which the candidate mixture is in- 
molecules sampled; 2) the ideal nucleic acid and protein troduced— under the proper conditions and with a long 
concentrations to be used in various rounds of SELEX enough column— should be capable of separating nu- 
arc dependent on several factors. The experimental 40 cleic acids based on affinity to the target sufficiently to 
parameters suggested by SELEXION parallel those obtain a ligand solution. To the extent that the original 
employed m the Examples hereto. For example, when selection step is sufficiently selective to yield a ligand 
the relative affinity of the ultimate ligand solution is not solution after only one step, such a process would also 
known— which will almost inevitably be the case when be included within the scope of this invention. 
SELEX is performed^it is preferred that the protein 45 In one embodiment of this invention. SELEX is itera- 
and nucleic acid candidate mixture concentrations are lively performed until a single or a discrete small num- 
selected to provide a binding between about 3 and 7 ber of nucleic acid ligands remain in the candidate mix- 
percent of the total of nucleic acids to the protein target. ture following amplification. In such cases, the ligand 
By usmg this criterion it can be expected that a tenfold solution will be represented as a single nucleic acid 
to twentyfold enrichment in high affinity ligands will be 50 sequence, and will not include a family of sequences 
achieved in each round of SELEX. having comparable binding affmities to the target. 

The experimental conditions used to select nucleic In an alternate embodiment of the invention, SELEX 

acid hgands to various targets in the preferred embodi- iterations are terminated at some point when the candi- 

mcnt are to be selected to mimic the environment that date mixture has been enriched in higher binding affm- 

the target would be found in vivo. Example 10 below 55 ity nucleic acid ligands, but still contains a relatively 

mdicates how changing the selection conditions will large number of distinct sequences. This point can be 

effect the ligand solution received to a particular target. determined by one of skill in the art by periodically 

Although the ligand solution to NGF had significant analyzing the sequence randomness of the bulk candi- 

similanties under high and low salt conditions, differ- date mixture, or by assaying bulk affmity to the target 

enccs were observed. Adjustable conditions that may be 60 At this time, SELEX is terminated, and clones are 

altered to more accurately reflect the in vivo environ- prepared and sequenced. Of course, there will be an 

ment of the target include, but are not limited to. the almost unlimited number of clones that could be se- 

total ionic strength, the concentration of bivalent cati- quenced. As seen in the Examples below, however, 

ons and the pH of the solution. One skilled in the art after sequencing between 20 and 50 clones it is generally 

would be able to easily select the appropriate separation 65 possible to detect the most predominant sequences and 

conditions based on a knowledge of the given target. defining characteristics of the ligand solution. In a hy- 

In order to proceed to the amplification step, selected polhetical example, after cloning 30 sequences it will be 

nucleic acids must be released from the target after found that 6 sequences are identical, while certain se- 
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Secondary selection methods that can be combined acid mixture. SELEX is then performed to select for 
with SELEX include among others selections or those sequences that bind most strongly to the target 
screens for enzyme inhibition, alteration of substrate molecule/anchor complex. The iterative walking pro- 
binding, loss of functionality, disruption of structure, cedure can then be employed to select or produce 
etc. Those of ordinary skill in the art are able to select 5 longer and longer nucleic acid molecules with cn- 
among various alternatives those selection or screening hanced strength of binding or specifity of binding to the 
methods that are compatible with the methods de- target. The use of the "anchor" procedure is expected 
scribed herein. to allow more rapid isolation of nucleic acid ligands that 

It wiU be readily apparent to those of skill in the art bmd at or near a desired site within a target molecule. In 
that in some cases, i.e., for certain target molecules or 10 particular, it is expected that the "anchor" method in 
for certain applications, it may be preferred to employ combination with iterative "walking" procedures will 
RNA molecules in preference to DNA molecules as result in nucleic acids which are highly specific inhibi- 
ligands, while in other cases DNA ligands may be pre- tors of protein function (FIG. 11). 
ferredtoRNA. In certain embodiments of the performance of 

The selection methods of the present invention can 15 SELEX it is desireable to perform plus/minus screening 
also be employed to select nucleic acids which bind in conjunction with the selection process to assure that 
specifically to a molecular complex, for example to a the selection process is not being skewed by some factor 
substrate/protein or inhibitor/protein complex. Among unrelated to the affmity of the nucleic acid sequences to 
those nucleic acids that bind specifically to the complex the target. For example, when selection is performed by 
molecules, but not the uncompleted molecules there are 20 protein binding nitrocellulose, it has been seen that 
nucleic acids which will inhibit the formation of the certain nucleic acid sequences are preferentially re- 
complex. For example, among those nucleic acids li- tained by nitrocellulose and can be selected during the 
gands which are selected for specific binding to a sub- SELEX process. These sequences can be removed from 
strate/enzyme complex there are nucleic acids which the candidate mixture by incorporating additional steps 
can be readily selected which will inhibit substrate bind- 25 wherein the preceding SELEX mixture is passed 
ing to the enzyme and thus inhibit or disrupt catalysis by through nitrocellulose to selectively remove those se- 
the enzyme. quences selected solely for that property. Such screen- 

An embodiment of the present invention, which is ing and selection may be performed whenever the tar- 
particularly useful for the identification or isolation of get contains impurities or the selection process intro- 
nucleic acids which bind to a jjarticular functional or 30 duces biases unrelated to affinity to the target, 
active site in a protein, or other target molecule, em- SELEX has been demonstrated by application to the 
ploys a molecule known, or selected, for binding to a isolation of RNA molecules which bind to and inhibit 
desired site within the target protein to direct the selec- the function of bacteriophage T4 DNA polymerase, 
tion/amplification process to a subset of nucleic acid also termed gp43. The novel RNA ligand of T4 DNA 
ligands that bind at or near the desired site within the 35 polymerase is useful as a specific assay reagent for T4 
target molecule. In a simple example, a nucleic acid DNA polymerase. The synthesis of T4 DNA polymer- 
sequence known to bind to a desired site in a target ase is autogenously regulated. In the absence of func- 
molecule is incorporated near the randomized region of tional protein, amber fragments and mutant proteins are 
air nucleic acids being tested for binding. SELEX is overexpressed when compared to the rate of synthesis 
then used (FIG. 9) to select those variants, all of which 40 of wild-type protein in replication-deficient infections 
will contain the known binding sequence, which bind (Russel (1973) J. Mol. Biol. 79:83-94). In vitro transla- 
most strongly to the target molecule. A longer binding tion of an N-terminal fragment of gp43 is specifically 
sequence, which is anticipated to either bind more repressed by the addition of purified gp43, and gp43 
strongly to the target molecule or more specifically to protects a discrete portion of the mRNA near its ribo- 
the target can thus be selected. The longer binding 45 some binding site from nuclease attack (Andrake et al. 
sequence can then be introduced near the randomized (1988) Proc. Natl. Acad. Sci. USA 85:7942-7946). The 
region of the nucleic acid test mixture and the selection- size and sequence of the RNA translational operator to 
/amplification steps repeated to select an even longer which gp43 binds and the strength of that binding have 
binding sequence. Iteration of these steps (i.e., incorpo- been established. The minimal size of the gp43 operator 
ration of selected sequence into test mixtures followed 50 is a sequence of about 36 nucleotides, as illustrated in 
by selection/amplification for improved or more spe- FIG. 1, which is predicted to have a hairpin loop struc- 
cific binding) can be repeated until a desired level of ture as indicated therein. The minimal size of the opera- 
binding strength or specificity is achieved. This itera- tor was determined by analysis of binding of end- 
tive 'Valking" procedure allows the selection of nu- labeled hydrolysis fragments of the operator to gp43. 
cleic acids highly specific for a particular target mole- 55 Analysis of binding of operator mutants in the hairpin 
cule or site within a target molecule. Another embodi- and loop sequence indicate that gp43 binding to the 
mcntofsuch an iterative "walking" procedure, employs operator is sensitive to primary base changes in the 
ah "anchor" molecule which is not necessarily a nucleic helix. Binding to the polymerase was even more re- 
acid (see FIGS. 10 and 11). In this embodiment a mole- duced by changes which significantly reduce hairpin 
cule which binds to a desired target, for example a 60 stabihty. Operator binding was found to be very sensi- 
substrate or inhibitor of a target enzyme, is chemically tive to loop sequence. It was found that replication and 
modified such that it can be covalently linked to an operator binding in gp43 are mutually exclusive activi- 
oligonucleotide of known sequence (the "guide oligo- ties. The addition of micromolar amounts of purified 
nucleotide" of FIG. 10). The guide oligonucleotide RNAs containing intact operator was found to strongly 
chemically linked to the "anchor" molecule that binds 65 inhibit in vitro replication by gp43. 
to the target also binds to the target molecule. The The wild-type gp43 operator, FIG. 1, was employed 
sequence complement of guide oligonucleotide is incor- as the basis for the design of an initial mixture of RNA 
porated near the randomized region of the test nucleic molecules containing a randomized sequence region to 
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assess the ability of the selection/amphfication process In order to determine what allowable sequence corn- 
to isolate nucleic acid molecules that bind to a protein. binations were actually present in the selected RNAs, 
The RNA test mixture was prepared by in vitro tran- individual DNAs were cloned from selected RNAs 
scription from a 110 base single-stranded DNA tcm- after the fourth round of selection in experiment B. The 
plate. The template was constructed as illustrated in 5 batch sequence result from experiment B appeared to 
FIG. 1 to encode most of the wild-type operator se- indicate an even distribution of the two allowable nucle- 
quencc, except for the loop sequence. The eight base otides which composed each of the four variable posi- 
loop sequence was replaced by a randomized sequence tions of the loop sequence. Individuals were cloned into 
region which was synthesized to be fully random at pUC18 as described by Sambrook, J. et al. (1989) Mo- 
each base. The template also contained sequences nec- 10 lecular Cloning: A Laboratory Manual (Cold Spring 
essary for efficient amplification: a sequence at its 3' end Harbor. N.Y.), Sections 1.13; 1.85-1.86. Twenty indi- 
complcmcntarily to a primer for reverse transcription vidual clones that were identified by colony filter hy- 
and amplification in polymerase chain reactions and a bridization to the 3' primer were sequenced. None of 
sequence in its 5' end required for T7 RNA polymerase the sequenced clones were mutant at any place in the 
transcriptional initiation and sufficient sequence com- 15 operator sequence outside of the loop sequence. Only 
plementary to the cDNA of the in vitro transcript. The five variant sequences were observed as shown in FIG. 
DNA template is this a mixture of all loop sequence 7, and surprisingly only two sequence variants were the 
variants, theoretically containing 65,536 individual spc- major components of the selected mixture. The frequen- 

cies of each sequence in the 20 individual isolates se- 
The dissociation constant for the wild-type loop 20 quenced are also given in FIG. 7. The wild-type se- 
RNAwasfoundtobeabout5xlO-«M. Thedissocia- quence AAUAACUC and the loop AGCAACCU 
tion constant for the population of loop sequence vari- were present in approximately equal amount in the 
wits was measured to be about 2.5 X 10-7 Randomiza- selected RNA of experiment B. The other selected 
tion of the loop sequence lowered binding affinity 50- variants were 1 base mutants of the two major variants. 

25 The strength of binding of the sequence variants was 
In vitro transcripts containing the loop sequence compared in filter binding assays using labelled in vitro 
variants were mixed with purified gp43 and incubated, transcripts derived from each of the purified clonal 
The mixture was filtered through a nitrocellulose filter. isolates. As shown in FIG. 6, a rough correlation be- 
Protein-RNA complexes are retained on the filter and tween binding affinity of an RNA for gp43 and the 
unbound RNA is not. Selected RNA was then eluted 30 abundance of the selected sequence was observed. The 
from the filters as described in Example 1. Selected two major loop sequence variants showed approxi- 
RNAs were extended with AMV reverse transcriptase mately equal binding affinities for gp43. 
in the presence of 3' primer as described in Gauss et al. The loop sequence variant RNAs isolated by the 
(1987) supra. The resulting cDNA was amphfied with selection/amplification process, shown in FIG. 7. can 
Taq DNA polymerase in the presence of the 5' primer 35 all act as inhibitors of gp43 polymerase activity as has 
for 30 cycles as described in Innis et al. (1986) supra. been demonstrated for the wild-type operator sequence. 
The selected amplified DNA served as a template for in An example of the use of SELEX has been provided 
vitro transcription to produce selected amplified RNA by selection of a novel RNA ligand of bacteriophage T4 
transcripts which were then subject to another round of DNA polymerase (gp43) (Andrake et al. (1988) proc. 
binding selection/amplification. The RNA/protein 40 Natl. Acad. Sci. USA 85:7942-7946). 
ratio in the binding selection mixture was held constant The present invention includes specific ligand solu- 
throughout the cycles of selection. The iterative selec- tions, derived via the SELEX process, that are shown 
tion/amplification was performed using several differ- to have an increased affinity to HIV-1 reverse transcrip- 
eni RNA/protein molar ratios. In aU experiments RNA tase. R17 coat protein, HIV-1 rev protein, HSV DNA 
wasinexcess:experiment AemployedanRNA/gp43of 45 polymerase, E coli ribosomal protein SI, tPA and 
10/1 (moles/moles); experiment B employed an NGF. These ligand solutions can be utilized by one of 
RNA/gp43 of 1000/1; and experiment C employed an skill in the art to synthesize nucleic acid antibodies to 
RNA/gp43 of 100/1. the various targets. 

The progress of the selection process was monitored The following examples describe the successful appli- 
by filter binding assays of labelled transcripts of ampli- 50 cation of SELEX to a wide variety of targets. The 
ficd cDNA at the completion of each cycle of the pro- targets may generally be divided into two categories — 
cedure. Batch sequencing of the RNA products from those that are nucleic acid binding proteins and those 
each round for experiment B was also done to monitor proteins not known to interact with nucleic acids. In 
the progress of the selection. Autoradiograms of se- each case a ligand solution is obtained. In some cases it 
quencing gels of RNA products after 2, 3 and 4 rounds 55 is possible to represent the ligand solution as a nucleic 
of selection/amplification arc shown in FIG. 3. It is acid motif such as a hairpin loop, an asymmetric bulge 
clear that there was no apparent loop sequence bias or a pseudoknot. In other examples the ligand solution 
introduced until after the third selection. After the is presented as a primary sequence. In such cases it is not 
fourth round of selection, an apparent consensus se- meant to be implied that the ligand solution does not 
quence for the eight base loop sequence is discemable 60 contain a definitive tertiary structure, 
as: A(a/g)(u/c)AAC(u/cXu/c). Batch sequencing of In addition to T4 DNA polymerase, targets on which 
selected RNA after the fourth round of selection for SELEX has been successfully performed include bacte- 
expenmcnts A. B and C is compared in FIG. 4. All riophage R17 coat protein, HIV reverse transcriptase 
three independent SELEX procedures using different (HIV-RT), HIV-1 rev protein. HSV DNA polymerase 
RNA/protein ratios gave similar apparent consensus 65 plus or minus cofactor, E. coli ribosomal protein SI. 
sequences. There was, however, some apparent bias for tPA and NGF. The following experiments also describe 
wild-type loop sequence (AAUAACUC) in the selected a protocol for testing the bulk binding affinity of a ran- 
RNA from experiments A and C, domized nucleic acid candidate mixture to a variety of 
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proteins. Example 7 also describes the immobilization of 
bradykinin and the results of bulk randomized nucleic 
tcid binding studies n bradykinin. 

The examples and illustrations herein are not to be 
taken as limiting in any way. The fundamental insight 5 
underlying the present invention is that nucleic acids as 
chemical compounds can form a virtually limitless vari- 
ety of sizes, shapes and configurations and are capable 
of an enormous repertoire of binding and catalytic func- 
tions, of which those known to exist in biological sys- 10 
terns are merely a glimpse. 

EXAMPLES 

The foUowing materials and methods were used 
throughout. IS 

The transcription vector pT7-2 is commercially avail- 
able (U.S. Biochemical Company. Cleveland, Ohio). 
Plasmid pUC18 is described by Norrander et al. (1983) 
Gene 24:15-27 and is also commercially available from 
new England Biolabs. All manipulations of DNA to 20 
create new recombinant plasmids were as described in 
Maniatis et al. (1982) Molecular Cloning: A Laboratory 
Manual Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y., except as otherwise noted. DNA olignu- 
cleotides were synthesized and purified as described in 25 
Gauss et al. (1987) Mol. Gen. Genet. 206:24-34. 

In vitro transcriptions with T7 RNA polymerase and 
RNA gel-purification were performed as described in 
Milligan et al. (1987) Nucl. Acids Res. 15:8783-8798, 
except that in labeling reactions the concentrations of 30 
ATP, CTP, and GTP were 0.5 mM each, and the UTP 
concentration was 0.05 mM. The LTFP was labeled at 
the alpha position with 32p at a specific activity of ap- 
proximately 20 Ci/mmol. Crude mRNA preparations 
from T4 infections, labeling of oligos, and primer exten- 35 
sion with AMV reverse transcriptase were all accord- 
ing to Gauss et al. (1987) supra. 

Dilutions of labeled, gel-purified RNA and purified 
gp43 were made in 200 mM potassium acetate, 50 mM 
Tris-HCI pH 7.7 at 4* C. In nitrocellulose filter binding 40 
assays, purified gp43 was serially diluted and 30 fil 
aliquots of each dilution of protein were added to 30 /il 
aliquots of diluted, labeled, gel-purified RNA. The 
RNA dDution (50 pX) was spotted on a fresh nitrocellu- 
lose filter^ dried and counted to determine input counts 45 
per tube. The concentration of protein in the reactions 
ranged from lO-l^M to lO-^M and the concentration 
of the RNAs in each experiment was approximately 
10-12M. After incubation at 4** C. for 30 minutes, each 
tube was placed at 37' C. for 3 minutes and 50 ^1 of each 50 
sample filtered through pre-wet nitrocellulose filters 
(Millipore #HAWP 025 00) and washed with 3 ml of 
200 mM potassium aceute, 50 mN Tris-HCI pH 7.7. 
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binding curve was generated using a version of a pub- 
lished program (Caceci and Cacheris. 1984 supra) modi- 
fied to construct a curve described by the equation, 

where <r is the fraction of the total RNA that is bound 
to the filter, A is the percent of RNA at which binding 
saturates (approximately 60% for this protein-RNA 
interaction). [gp43] is the input gp43 concentration, and 
Kd is the dissociation constant for the bimolecular reac- 
tion. This equation is an algebraic rearrangement of 
equation [1-5] from Bisswanger (1979) Theorie und 
Methoden der EnzymkinetiK Verlag Chemie, Weinheim, 
FRG, p. 9 with the simplifying assumption that the 
concentration of the protein far exceeds the concentra- 
tion of RNA-protein complexes, an assumption which is 
va id in the experiments described. 

EXAMPLE 1. SELECTION OF RNA INHIBITORS 
OF T4 DNA POLYMERASE 

A 1 10 base single-stranded DNA template for in vitro 
transcription was created as shown in FIG. 2 by ligation 
of three synthetic oligonucleotides (Tables 1, 3, 4 and 5) 
in the presence of two capping oligonucleotides (Tables 
1 and 2). One of the template-creating oligos was also 
used as the 3' primer in reverse transcription of the in 
vitro transcript and subsequent amplification in poly- 
merase chain reactions (PCRs) (Innis et al. (1988) Proc. 
Natl. Acad. Sci. USA 85:9436-9440). One of the cap- 
ping oligos (1) contains the information required for T7 
RNA polymerase transcriptional initiation and suffi- 
dent sequence complementarity to the cDNA of the in 
vitro transcript to serve as the 5' primer in the PCR 
amplification steps. The DNA template encoded an 
RNA which contains the entire RNA recognition site 
for T4 DNA polymerase except that a completely ran- 
dom sequence was substituted in place of the sequence 
which would encode the wild-type loop sequence 
AAUAACUC. The random sequence was introduced 
by conventional chemical synthesis using a commercial 
DNA synthesizer (Applied Biosystems) except that all 
four dNTP's were present in equimolar amounts in the 
reaction mixture for each position indicated by N in the 
sequence of oligonucleotide number 4 (Table 1). The 
random sequence is flanked by primer annealing se- 
quence information for the 5' and 3' oligos used in PCR. 
The DNA template is thus a mixture of all loop se- 
quence variants, theoretically containing 65,536 indi- 
vidual species. The dissociation constant for the wild- 
type loop variant RNA sequence is about 5X10-9M 
and for the population of sequences was measured to be 
about 2.5 X 10-"^, a 50-fold lower binding affinity. 

TABLE 1 



1) 5'.TAATACGACrCACrATAGGGAGCCAACACCACAATTCCAATCAAG-3' (SEQ ID NO: 4) 

2) 5'<;GGCrATAAACrAAOGAATATCTATGAAAG.3' (SEQ ID NO: 5) 

3) S'-GAATTGTGGTGrrGGCTCCCrATAGTOAGTCGTATTAO' (SEQ ID NO: 6) 

4) 5^ATATTCCTTAGTTTATAOCCCNNNNNTWNAGGCTCTTGATTG-3' and (SEQ ID NO: 7) 
3) 5 .GTTrCAATAGAGATATAAAATrcnTCATAG.3' (SEQ ID NO; 8) 



The filters were dried and counted in EcolumeTM 
scintillation fluid (ICN Biomedicals, Inc.). Controls 
were done in the absence of gp43, from which the back- 
ground (always less than about 5% of the input counts) 
was determined. From each set of measurements the 
background was subtracted, and the percent of total 
input counts remaining on he filters calculated. From 
each set of data points, a best-fit theoretical bimolecular 



In vitro transcripts containing the loop sequence 
variants were mixed with purified gp43 at three differ- 
ent RNA-protein ratios throughout the multiple rounds 
of selection. (For A and B the concentration of gp43 
was 3x 10-8M, "low protein," and for C the concentra- 
tion of gp43 was 3x 10-''M, "high protein." For A the 
concentration of RNA was about BXlO-*', "low 



